Physiologically based toxicokinetic (PB-TK) models are based on the anatomy, physiology, and biochemistry of the exposed organism and are used to generate chemical concentration time-course predictions for specific tissues and organs. This information can in turn be related to research on a compound's mechanism of action to improve understanding of relationships between applied dose and observed effect (1-3). In the last 25 years, PB-TK models have been developed to describe the disposition of more than 100 compounds in several mammalian species, including mice, rats, dogs, monkeys, and humans (4-7). PB-TK models are currently being used in human health risk assessment (8, 9) and have been used to extrapolate kinetic information from rodents to humans (10, 11) .
Physiologically based toxicokinetic (PB-TK) models are based on the anatomy, physiology, and biochemistry of the exposed organism and are used to generate chemical concentration time-course predictions for specific tissues and organs. This information can in turn be related to research on a compound's mechanism of action to improve understanding of relationships between applied dose and observed effect (1) (2) (3) . In the last 25 years, PB-TK models have been developed to describe the disposition of more than 100 compounds in several mammalian species, including mice, rats, dogs, monkeys, and humans (4-7). PB-TK models are currently being used in human health risk assessment (8, 9) and have been used to extrapolate kinetic information from rodents to humans (10, 11) .
Although more limited in scope than the mammalian modeling effort, progress has also been made toward developing PB-TK models for nonmammalian vertebrates, including fish. The first PB-TK models for fish were developed from intravascular infusion models for mice and were used to simulate the distribution of methotrexate in sting rays (12) and the distribution and elimination of phenol red in the dogfish shark (13) . An intravascular infusion model was also developed to describe the distribution and elimination of pyrene in rainbow trout (14) . Recently, improvements in understanding of chemical exchange across fish gills have led to the development of PB-TK models for waterborne organic chemicals. Branchial exposure models have been successfully used to simulate the kinetics of three chlorinated ethanes in rainbow trout (15, 16) and channel catfish (17) . Additional research has extended these models to include the dermal route of exposure (18) . Simplified models have also been adapted for use with small fish such as the fathead minnow and Japanese medaka, which are the major contributors to the present aquatic toxicity database (19, 20 (Fig. la) , whereas in the second echo differences between tissues reflect differences in water content (Fig. lb) . Slice thickness was set to 3 mm, with 1.5-mm spacing between slices to minimize interference due to residual signals from the previously excited slice. This provided an average (between mid-points) one-pass resolution of 6 mm, and a second image series was acquired, yielding a total of 60 slices (120 total echoes) at 3-mm resolution. We acquired raw images using General Electric's digital file format. These were then converted to tagged image format files (TIFF) for importing to an image analysis software system (Image 1, Universal Imaging Corp., West Chester, Pennsylvania). All image processing was performed on the second of the two echoes obtained at each level, although in many cases the first echo was examined to confirm tissue types and boundaries. Images were magnified until individual pixels could be seen. We then used a contrast enhancement feature to assign each pixel a color hue depending on grey-scale intensity (Fig. 2) . Tissues and organs were classified using a paintbrush option, which ascribed to each a unique numerical identifier (Fig. 3) Six geometric representations were separately generated from the scan volume, one for each tissue compartment and one for the exterior surface of the fish. Voxels classified as a specific tissue type were isolated, and all other voxels were reclassified with the identifier 0. The single-feature volume was then blurred by convolution with a 3 x 3 x 3 voxel Gaussian convolution kernel. This blurring process reduced visual artifacts resulting from the rather large rectangular voxels. We generated the geometric representation by using a marching-cubes algo- --.
4g* --r rithm (21) to compute an isosurface at a value slightly below that of the tissue identifier. Finally, the five isosurfaces corresponding to each tissue, along with the isosurface showing the boundary between fish and "other than fish," were combined and rendered together (Figs. 4 and 5) . The geometry-viewing facilities of AVS were used to control viewpoint, surface color, texture, opacity, and light position. The disposition of pentachloroethane in rainbow trout was simulated using a PB-TK model running under Advanced Continuous Simulation Language (ACSL, Mitchell and Gauthier Associates Inc., Concord, Massachusetts) (Fig. 6 ). Similar predictions were previously shown to be in excellent agreement with observed residues when trout were exposed to pentachloroethane in water in a modified respirometer chamber (15) . The model incorporates a counter-current description of chemical flux at fish gills (22) . Chemical equilibrium is considered to exist between the tissues in each compartment and blood exiting the compartment (flow-limited distribution). The model was designed to reflect the physiology of fishes and includes portal blood flows to both the liver and kidney. Physiological and anatomical parameters were obtained from the literature (Table 1) . Equilibrium chemical partition coefficients were estimated using an in vitro vial-equilibration technique (23) .
We imported chemical time-course predictions for each of the model compartments to AVS as ASCII files. The data were then mapped onto corresponding tissue volumes, representing chemical concentration as the degree of color saturation. The three-dimensional rendering produced by AVS changes color at each time step as chemical concentrations change. The system can be used interactively by making parameter changes in the ACSL runtime environment. An output file is generated each time the model is run, which then serves as input for subsequent visualization efforts.
Hypothetical model outputs, in the form of an X, Yplot (Fig. 7) , are compared to two corresponding screen images (Fig. 8) to illustrate how AVS can be used to visualize kinetic modeling outputs. After 2 hr of exposure, all tissues are colored to a similar degree (Fig. 8a) . This is because differences in chemical partitioning to tissue are offset at early time points by differences in relative blood perfusion, resulting in similar chemical concentrations. With continued exposure (4 hr), differences in chemical partitioning begin to dictate the distribution pattern (Fig.  8b) . At steady-state (>240 hr; image not shown), 75% of the total pentachloroethane burden is contained in the fat compartment, despite the fact that it composes only 9% of the mass of the animal. Constraints on the publication of "hard copy" materials limit the presentation of visual computer output to a small number of static images. In the present study, the actual computer output consisted of 480 separate images (48 hr simulation/0. 1 hr time-step). Approximately 30 sec were required to build each image when the Vmax, Km, metabolic rate and capacity parameters. computer was in an interactive mode. These were saved as they were generated and were later used to produce animated output (10 frames/sec) using Silicon Graphic's "movie player" utility. The AVS "image viewer" can also be used to generate animated output; however, the lower performance of this utility (1.5 frames/sec) resulted in discernable breaks between images. Alternatively, images can be transferred to videotape for presentation using a conventional videocassette recorder. The combined use of ACSL and AVS affords considerable flexibility for the development of visualization techniques in an interactive computing environment. The methods used are applicable to different animal species and are consistent with the compartmental structure of PB-TK models. It is anticipated that this or similar techniques could be used by modelers to communicate the results of their work to individuals who are not skilled in the interpretation of more conventional outputs. For example, those involved in chemical risk assessment are frequently required to extrapolate toxicological information from a surrogate species to the species of interest. Because they are based upon the biology of the organism, PB-TK models are uniquely well suited for this purpose. Nevertheless, the risk assessor may be unwilling or unable to use such models if the outputs are not understandable or cannot be easily communicated. Researchers who study basic mechanisms of toxic action can also benefit from the use of PB-TK models. This is because a PB-TK model yields chemical time-course predictions for the site of toxic action. In vitro observations can then be related to an environmental or occupational exposure, thereby establishing the toxicological relevance of the work. Finally, imaging techniques could be used to teach principles of kinetic modeling to students who might otherwise lack appreciation for (or interest in) the boxes and arrows that are typically used in schematic representations of model systems.
